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Abstract 

Anaerobic nitrate-dependent iron(II) oxidation is a process common to many bacterial species, 
which promotes the formation of Fe(III) minerals that can influence the fate of soil and groundwater 
pollutants, such as arsenic. Herein, we investigated simultaneous nitrate-dependent Fe(II) and As(III) 
oxidation by Acidovorax sp. strain ST3 with the aim of studying the Fe biominerals formed, their As 
immobilization capabilities and the metabolic effect on cells. X-ray powder diffraction (XRD) and 
scanning transmission electron microscopy (STEM) nanodiffraction were applied for biomineral 
characterization in bulk and at the nanoscale, respectively. NanoSIMS (nanoscale secondary ion 
mass spectrometry) was used to map the intra and extracellular As and Fe distribution at the single-
cell level and to trace metabolically active cells, by incorporation of a 13C-labeled substrate (acetate). 
Metabolic heterogeneity among bacterial cells was detected, with periplasmic Fe mineral 
encrustation deleterious to cell metabolism. Interestingly, Fe and As were not co-localized in all 
cells, indicating delocalized sites of As(III) and Fe(II) oxidation. The Fe(III) minerals lepidocrocite and 
goethite were identified in XRD, although only lepidocrocite was identified via STEM 
nanodiffraction. Extracellular amorphous nanoparticles were formed earlier and retained more 
As(III/V) than crystalline “flakes” of lepidocrocite, indicating that longer incubation periods promote 
the formation of more crystalline minerals with lower As retention capabilities. Thus, the addition 
of nitrate promotes Fe(II) oxidation and formation of Fe(III) biominerals by ST3 cells which retain 
As(III/V), and although this process was metabolically detrimental to some cells, it warrants further 
examination as a viable mechanism for As removal in anoxic environments by biostimulation with 
nitrate. 
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1. Introduction 

Arsenic is a toxic element whose solubility and toxicity are governed by chemical speciation. This 
element is mobilized in the environment through anthropogenic activities, such as mining and 
agriculture, or through natural processes such as volcanic activity, weathering of As-bearing 
minerals and through microbial processes1. Bacteria capable of metabolising As are found in diverse 
ecosystems and are acknowledged as playing a key role in mobilizing As in the environment, 
particularly through the reductive dissolution of As(V)/Fe(III) mineral assemblages2-5. Arsenic has a 
high affinity for sulfur and iron minerals in the subsurface, therefore, the formation of new mineral 
phases containing these elements could stimulate the immobilization of As in the environment6. 
Denitrification is a widespread microbial process, particularly in bacteria, where nitrate is 
enzymatically reduced to N2 in the absence of oxygen7. During denitrification, nitrate is used as a 
terminal electron acceptor coupled to the oxidation of suitable electron donors, such as arsenite 
[As(III)]8-10, which some bacteria can oxidize to arsenate [As(V)], the generally assumed less toxic 
and less mobile As oxyanion11. In addition, some heterotrophic denitrifying bacteria are able to 
catalyze Fe(II) oxidation, in a process known as nitrate-dependent iron(II) oxidation (NDFO), which 
is thought to be a result of both biotic and indirect biotic effects12, although, the mechanism of Fe(II) 
oxidation in these heterotrophs is not fully resolved, and no enzymatic Fe(II) oxidation has been 
reported to date13, 14. Moreover, nitrite and nitric oxide can abiotically oxidize Fe(II). These reactive 
nitrogen species are also intermediary compounds produced and accumulated during 
denitrification15, and have been shown to be responsible for most of the Fe(II) oxidation observed16, 

17. Organics and particularly extracellular polymeric substances (EPS), produced by many NDFO 
bacteria, have also been suggested as important role players in Fe(II) oxidation. EPS contain 
polysaccharides that are known to complex Fe(II), therefore, EPS could also be a site for mineral 
precipitation18.  

Fe(II)-oxidizing bacteria have been reported to produce the intermediate oxidation state Fe minerals 
green rust18, 19 and magnetite19-22, and Fe(III)-oxyhydroxides such as ferrihydrite23, goethite15, 24, 25 
and lepidocrocite24-27. Additionally, NDFO bacteria can precipitate these Fe minerals at different cell 
sites, including the periplasm and the cell surface28-34. The periplasm is a crucial cellular 
compartment for energy generation and the transit of nutrients and waste, therefore, its 
encrustation with minerals is thought to be lethal to the cells35. Furthermore, it has been proposed 
that Fe(II) oxidation in anaerobic denitrifying conditions is a detoxification mechanism rather than 
an energy conserving reaction35-37, where the Fe(II) concentration in these incubations is typically 
higher than in environmental conditions and could be the reason for this cell mineralization38. 

Many electron microscopy and spectroscopic techniques have been used to study the NDFO process 
and biomineralization patterns in bacteria38-42, more extensively in Acidovorax sp. strain BoFeN115, 

24, 29, 32, 43. These studies report the distinctive Fe mineral phases produced depending on the 
bacterial strain and the physical, geochemical and growth medium conditions. For instance, a high 
pH medium with added carbonate has been observed to favour the formation of goethite24. The 
presence of As(III/V) in the growth medium has also been tested, and arsenic may alter the 
crystallinity of the biominerals formed under certain conditions23.  

The facultative bacterium Acidovorax sp. strain ST3, with a capacity to oxidize As(III) upon the 
addition of nitrate, was isolated from a paddy soil polluted with arsenic, where it was hypothesised 
that As(III) oxidation was coupled to nitrate reduction10. In this initial work, the periplasmic AioAB 
arsenite oxidase was identified and this bacterium was also described as a NDFO organism10. In the 
present work, the simultaneous oxidation of As(III) and Fe(II) by Acidovorax sp. strain ST3 under 
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denitrifying conditions was investigated. The aim was to identify the composition and precipitation 
site of the Fe biogenic minerals produced by strain ST3 and assess their capability to immobilize As. 
Isotopic labelling and NanoSIMS single-cell depth profiling were used to assess the effect of As and 
Fe in cells, to locate the site(s) of mineral precipitation and to infer where Fe(II) oxidation occurs. 
Additionally, transmission electron microscopy (TEM), STEM, energy dispersive X-ray spectroscopy 
(EDS), electron energy loss spectroscopy (EELS) and selected area electron diffraction (SED) were 
performed to characterize the biominerals chemically and structurally at the nanoscale. It was 
hypothesized that ST3 cells would catalyze As(III) oxidation to As(V), and the newly formed Fe(II/III) 
mineral phases would be thermodynamically stable hosts for As(V). Understanding the nano-scale 
mineralogy of iron and arsenic biooxidation is therefore important to help understand the long-term 
immobilization of As in natural environments by this process. The greater knowledge of the 
fundamentals of biooxidation will support the application of As(III)-oxidizing bacteria to remediate 
As(III)-polluted environments. 

2. Materials and methods 

2.1 Culture conditions 

Acidovorax sp. strain ST3 was first streaked onto aerobic lysogeny broth (LB) agar plates and 
incubated for 48 h at 28°C in the dark. Single isolated colonies were transferred to Erlenmeyer flasks 
containing 100 mL liquid LB broth and incubated in a shaker/incubator at 28°C/150 rpm for 24 h. 
This liquid culture (5 mL) was used to inoculate serum bottles containing 100 mL of anoxic low-
phosphate (LP) medium44. These bottles were incubated for 48 h/28°C in the dark (until late 
logarithmic phase), and this culture was used as inoculum for metal oxidation experiments. The 
cultures were transferred to 50 mL conical tubes and centrifuged (2509 g/30 min) for harvesting. 
The pellet was washed twice with 20 mL of 10 mM anaerobic piperazine-N, N′-bis(2-ethanesulfonic 
acid) (PIPES) buffer (pH=7.0) and centrifuged (2509 g/30 min). The last pellet was resuspended in 
PIPES buffer (3-5 mL). These processes were performed under a N2/CO2 (90:10 v/v) atmosphere. All 
the serum bottles used to prepare anoxic medium, buffers and the experiments were degassed with 
N2 (>30 min) prior to the transfer of media or buffer solutions. 

2.2 Anaerobic Fe(II) and As(III) oxidation experiments 

Washed cells of strain ST3 were incubated in serum bottles containing 20 mL of anoxic LP medium 
and adding 10 mM FeCl2, 10 mM 13C-labelled sodium acetate (13CH3CO2Na) to label metabolically 
active cells, and 0.5 mM As(III) (NaAsO2, Sigma-Aldrich®), which was added after filtration of the 
medium to remove a green-whitish Fe(II) precipitate, as described elsewhere15. After filtration, the 
final concentration of Fe(II) was 3.5-4.0 mM.  

Two growth conditions were tested, planktonic and biofilm, depending on the analysis techniques 
(planktonic for XRD and STEM, and biofilm for scanning electron microscopy and NanoSIMS). For 
planktonic experiments, the bottles with LP medium were inoculated with ST3 cells (final 
OD600≈0.15). For biofilm experiments, two boron-doped silicon (Si) wafers  (7.2 x 7.2 x 0.5 mm) per 
experimental bottle were introduced vertically in a plastic holder, the plastic holder was fixed to the 
bottom of the bottle with silicon grease, after which the bottles were sealed and degassed with N2 
prior to the addition of medium and cells by injection. The Si wafers supported the formation of a 
biofilm and mineral precipitates (see Figure S1 C). The experiments were carried out in triplicate and 
three additional bottles of each growth condition were left un-inoculated (“no cell” controls). All 
the experiments and controls were incubated at 28°C in the dark for 14 days (biofilm) and up to 21 
days (planktonic). 
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2.3 Chemical analysis 

The aqueous phase was sampled (100 µL) every 2-3 days and filtered immediately (0.22 µm pore 
size filters, Jet Biofil®). These filtered samples were analyzed for Fe(II), As species, total Fe (Fetotal), 
total As (Astotal), nitrate, nitrite and acetate. The ferrozine method was used to measure Fe(II)45. 
Arsenic species samples were diluted in distilled H2O and quantified by inductively coupled plasma-
mass spectrometry (ICP-MS, 7500CX Agilent Technologies, USA)46. The anions nitrate, nitrite and 
acetate were quantified by ion chromatography using a Dionex ICS 5000 equipped with an AS11HC 
0.4 mm capillary ion exchange column. Fetotal and Astotal samples were extracted in 2 % HNO3 and 
analyzed in ICP atomic emission spectroscopy (ICP-AES) using a Perkin–Elmer Optima 5300 DV 
instrument. 

2.4 SEM and NanoSIMS imaging 

A FEI Quanta 650 field emission gun scanning electron microscope (FEG SEM) operating at 15 kV, 
using the secondary electron (SE) detector under high vacuum, was used to find suitable areas prior 
to NanoSIMS analysis and to assess the effect of the sample preparation. Samples were 
subsequently analyzed in a NanoSIMS 50L ion microprobe (CAMECA, France) using a Cs+ primary ion 
beam at 16 keV. A beam with a current of 0.131-1.435 pA with spatial resolution from 150-300 nm 
(D1 aperture= 4-2) was scanned over the surface of the sample and the secondary ions were 
collected and analyzed using a double focusing mass spectrometer. The following negative 
secondary ions were detected simultaneously in multicollection mode: 12C, 13C, 12C14N, 28Si, 56Fe12C, 
56Fe16O and 75As. Additionally, an ion-induced SE image was obtained. Prior to the start of collection, 
the regions of analysis (ROIs) were implanted with Cs+ ions to a dose of 1x1017 ions cm-2 to remove 
the Pt coating (10 nm) and reach steady state47. Images were collected at a dwell time between 
2000-5000 µs px-1. The CAMECA mass resolving power (MRP) was >7000 using ES=3 and AS=2. 
CAMECA high mass resolution spectra were acquired at masses 13, 72 and 75 using iron metal and 
gallium arsenide as reference materials to avoid peak overlaps due to molecular interferences, 
primarily 12C1H at mass 13 (13C), 28Si216O at mass 72 (56Fe16O) and 56Fe19F at mass 75 (75As)48. The 
image pixel sizes were 128 x 128 or 256 x 256. Further information on sample preparation and 
analysis can be found in the Electronic Supplementary Information (ESI) (Text S1.1 and S1.4). 

2.4.1 NanoSIMS depth profiles using Cs+ or O- primary ions. After collecting nanoSIMS ions images 
with large fields of view (30-60 µm to image groups of cells and minerals), single cells were selected 
to collect image depth profiles with smaller square raster sizes (3-7 µm width). Both Cs+ (for 
producing negative secondary ions) and O- (for producing positive secondary ions) were used as 
primary ions for depth profiling and the selected areas were not implanted with Cs+ or O- ions prior 
to starting the analysis, to preserve and probe the intact biomineral coating on the cells. The spatial 
resolution was improved by using D1=4 or 5 (beam size=120-100 nm). For details of the depth profile 
set-up and NanoSIMS data analysis see the ESI Text S1.5. 

2.5 Biomineral characterization 

2.5.1 Analytical TEM, STEM, EDS and EELS. Planktonic samples were analyzed by transmission 
electron microscopy (TEM) in bright field (BF) imaging mode using a JEOL F200 with an 
ASTAR/Digistar-Topspin nanodiffraction setup and also by high-angle annular dark-field (HAADF) 
STEM (for higher resolution imaging) with a FEI Titan G2 ChemiSTEM at 200 kV using a 180 pA beam 
current. The Titan instrument was also used to collect dual EELS and EDS data simultaneously using 
the SuperX EDS detector system and the Gatan GIF Quantum ER spectrometer via Gatan’s Digital 
Micrograph software. The EDS and EELS data were then processed using Hyperspy. EDS 
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quantification was achieved using background correction and a standardless Cliff Lorimer analysis, 
whilst EELS quantification of the Fe3+ to Fe2+ ratio was calculated using the relative intensities of the 
Fe L2, L3 peaks as described elsewhere49. This processing allowed the collection of high-resolution 
elemental maps of the biominerals. Arsenic does not have well defined core loss peaks, therefore 
local differences in As oxidations states cannot be distinguished. The apparent nanoparticles (NPs) 
size measured from BF TEM images was estimated manually with ImageJ. For further details on 
sample preparation and anoxic sample loading see the ESI Text S1.2 and S1.3. 

2.5.2 Powder X-ray diffraction (XRD). Bulk biominerals were identified in an XRD Bruker© D8 
Advance X-ray diffractometer, where the slides were placed in an airtight specimen holder 
(Bruker©) to maintain anoxic conditions. The samples were analyzed with a 40 kV beam, over the 
5-70° 2θ range, with a 0.02° 2θ step size and 0.5 s counting time. Spectra were processed with XRD 
DIFFRAC.EVA software (Bruker©).  

3. Results and discussion 

3.1 Aqueous geochemistry 

Fe(II) oxidation was noticeable as the formation of rusty precipitates from day 1 in the experimental 
bottles containing cells (Figure S1 A). Both planktonic and biofilm culturing conditions favoured Fe(II) 
oxidation to a similar rate and extent, although biofilm conditions slightly enhanced this oxidation. 
At day 7 the biofilm samples had oxidized 67% of the Fe(II) to Fe(III), while the planktonic samples 
oxidized 62% of Fe(II) (Figure S2 A), as indicated by the ferrozine analysis. By day 14 the biofilm 
samples oxidized 72% of Fe(II), whereas the planktonic samples oxidized 65% of Fe(II) (Figure S2 A). 
Only planktonic samples were monitored until day 21 when 81% of Fe(II) was oxidized (Figure S1 A). 
There was a removal of 15 % of the Fe(II) by day 7 in the “no cells” control, and over the course of 
21 days this abiotic Fe(II) removal increased to 31 % (Figure S2 A). These control samples presented 
a reddish layer at the surface of the medium (Figure S1 B), suggesting that some oxygen might have 
been introduced, perhaps during sampling, which caused abiotic Fe(II) oxidation, but no visible 
precipitates were formed. Additionally, further abiotic reaction of Fe(II) with carbonate and 
phosphate from the growth medium was possible25.  

The aqueous As speciation analysis showed a removal of 93 % As(III) in biofilm samples and a 83 % 
As(III) removal in planktonic samples at day 7 (Figure S2 B). As(V) was detected in all experiments 
from day 1 and dropped in concentration over the duration of the experiment (from 110 to 10 µM) 
(Figure S2 C). There was also 66 % As(III) removal in the “no cells” controls (Figure S2 B), likely due 
to abiotic Fe(II) oxidation, as described previously. The Astotal measurements by ICP-AES were below 
level of detection (10 ppb) in both biofilm and planktonic experiments after 7 days, whereas the “no 
cells” controls showed 75% removal of Astotal (Figure S2 D). As(V) concentrations did not increase 
with incubation time in the aqueous phase, in contrast to a previous report of this strain being able 
to couple anaerobic As(III) oxidation to nitrate reduction10. As(V) was most likely sorbed to the solid 
biominerals, which were removed from the aqueous phase by filtration prior to the analysis of As 
species. Moreover, spontaneous oxidation of As(III) by exposure to oxygen would not explain the 
soluble As(V) quantified during all time points, including at the start of the experiment, as this 
process is much slower50.   

The consumption of acetate and nitrate was followed until day 7 in all experiments, where 0.61 mM 
of acetate were consumed in the biofilm samples and 0.26 mM was consumed in planktonic 
samples, implying a 5.5% and 2.5% consumption of acetate in the biofilm and planktonic samples, 
respectively (Figure S3 A). Acetate was added in excess in this work, however, Fe(II)-oxidizers have 
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been found to only require organic co-substrates at low concentrations, between 0.5 to 1.0 mM38. 
1.99 mM of nitrate was consumed in biofilm and 0.99 mM in planktonic conditions, indicating that 
17 % and 9 % of nitrate was consumed in biofilm and planktonic growth samples, respectively (Figure 
S3 B). Nitrite was not detectable in the supernatants over the duration of the experiment, which 
contrasts with other NDFO bacteria10, 15, 27, 40. However, considering the low nitrate consumption, it 
is possible that nitrite was produced at much lower concentrations and immediately consumed by 
reaction with Fe(II)51. The “no cells” control showed no changes in the acetate and nitrate 
concentrations, and nitrite was not detected either, as expected.  

Overall, biofilm conditions were more favourable for As(III) removal, Fe(II) oxidation and 
denitrification. Bacteria are commonly found growing in biofilms in natural systems. Biofilms contain 
metal-reactive ligands, for instance in the EPS fraction, which could have complexed Fe(II) and 
promoted its precipitation52 and subsequent sequestration of As(III/V). Additionally, the Si wafer 
surface in biofilm samples might have played a role as a nucleation site for biominerals, precipitating 
Fe and As, although not necessarily as the oxidized species.  

3.2 Imaging of As and Fe using SEM and NanoSIMS 

SEM images of biofilm samples showed abundant wafer surface colonization in all time points 
analyzed, and many cells were coated with minerals (‘mineralized cells’) from day 4 of incubation 
(not shown). The chemical fixation-dehydration treatment proved better than the air-dried method 
to preserve the shape and structure of cells, and thus more suitable for NanoSIMS analysis (see ESI 
Text S2 & Figure S4). Samples from days 7 and 14 were selected for further NanoSIMS analysis 
(Figures S5 & 1, respectively). At day 7 many cells showed high Fe counts (as 56Fe16O), indicating that 
an Fe mineral was coating the surface of cells (Figure S5 A-C). Extracellular biominerals (attached or 
detached from the cells) presented higher 56Fe16O counts on their surfaces than the cells. 75As was 
co-located with 56Fe16O on the surfaces of both cells and extracellular biominerals (seen in orange 
in Figure S5 A-C), although 75As was not detected in all mineralized cells. The cell poles showed 
higher 56Fe16O counts than on the rest of the cell, suggesting preferential mineral encrustation in 
this region (Figure S5 C). This was previously observed in strain BoFeN1 32 and was later confirmed 
herein by NanoSIMS depth-profiles (Figure S6). By day 14, some cells showed 56Fe16O counts on their 
surface (white arrows Figure 1A-C) with comparable intensity as the 56Fe16O counts on the 
extracellular biominerals (pink arrows Figure 1A-C), suggesting heavier Fe mineralization of the cells 
after this prolonged incubation period. The surface of mineralized cells at both time points 
presented a higher intensity signal for 56Fe16O than for 56Fe12C, despite the abundance of C in cells, 
where even the 12C signal was low. This could indicate that only the extracellular mineral coating 
covering the cells was probed by the Cs+ beam and the primary ions did not reach the cell surface. 
Alternatively, 56Fe16O could be a molecular ion with higher probability of formation under these 
analytical conditions. The data presented are consistent with the presence of an Fe (oxyhydr)oxide 
mineral coating on the cells.  

3.3 Metabolic heterogeneity revealed at the nanoscale and correlation with cell mineralization 

By day 7 the cells showed negligible 13C assimilation (Figure S5 D-F), in agreement with the low levels 
of aqueous acetate consumption. However, some regions in these cells showed up to 2% 13C/12C 
assimilation, and interestingly, the parts of the cells that were not 13C-enriched showed 56Fe16O 
counts (Figure S5 C & F). Moreover, many cells were fully coated with mineral, and showed no 12C 

or 13C signal (Figure S5 B & E). In contrast, by day 14 cells showed heterogeneous but higher 13C 
labelling, assimilating up to 4% of 13C/12C (Figure 1 D-F), with a mean content of 2.6 ± 1.3%. Thus, 
cells assimilated on average 2.3 times more 13C than natural abundance (Figure 2), signifying a 
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culture metabolic recovery, distinct from the first 7 days of incubation. However, many cells were 
not metabolically active and these had a 13C/12C ratio closer to the natural abundance. Most cells 
that were mineralized were not metabolically active, but presented an intense 75As signal, 
suggesting As sorption to the Fe mineral (Figure 1A-C). Interestingly, most active cells did not show 
56Fe16O on the surface but 75As was associated with some of these cells, suggesting that it was 
surface-bound53 or taken up intracellularly. Only a few cells showed simultaneous Fe mineralization, 
75As on the surface and 13C assimilation. 

The correlation between metabolic activity and the level of cell mineralization can be estimated 
from the measured 56Fe16O counts at the cell surface (normalized to ion dose) and the 13C/12C ratio 
(Figure 2). Broadly this shows a negative correlation between metabolic activity and Fe 
mineralization at the single cell level. This indicates that metabolically active cells can deter cell 
mineralization, or most likely, high cell mineralization inhibits the metabolic activity of ST3 cells, an 
effect previously observed in strain BoFeN135. From these results, it can be inferred that cell 
encrustation was metabolically disadvantageous. This Fe mineralization probably blocked the flow 
of substrates inside and outside of the cell and disturbed the enzymatic oxidation of As(III) and 
reduction of nitrate. ST3 cells can tolerate high concentrations of arsenite (5 mM)10, however, it is 
unclear if cell mineralization was a protection mechanism against Fe(II)38, added at five times higher 
the concentration than in the soil porewater where ST3 was isolated, or if it was a harmful effect of 
Fe(II) in combination with high concentrations of As(III) (>400 µM). This co-toxicity was  previously 
reported for Fe(II), which increased in toxicity in the presence of Cu(II)54.  

Figure 1. NanoSIMS images of biofilm ST3 cells after 14 days of incubation and preserved by chemical 
fixation and dehydration. The top row (A), (B) and (C) are overlay images displaying 13C (cyan), 56Fe16O (red) 
and 75As (yellow). The bottom row (D), (E) and (F) are the 13C/12C HSI images of (A), (B) and (C), respectively. 
Note the heterogeneous 13C accumulation by cells in (D)-(F). White arrows in (A)-(C) are heavily mineralized 
cells that do not show any 13C signal (corresponding white arrows in (D)-(F)). Pink arrows in (A)-(C) indicate 
Fe-biominerals of different size and morphology. The horizontal color bars in (D)-(F) are the 13C % 
accumulation, where blue is natural abundance (1.11 %).  

1.11 % 4 % 1.11 % 3 % 1.11 % 4 % 

(D) 13C/12C (E) (F) 13C/12C 13C/12C 

(B) (A) (C) 

13C 56Fe16O 75As 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 28, 2022. ; https://doi.org/10.1101/2022.01.28.478188doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.28.478188
http://creativecommons.org/licenses/by/4.0/


8 
 

The heterogeneous pattern of Fe mineralization and 13C accumulation indicates an interesting 
phenotypic diversity in genetically identical cells cultured under the same conditions. Metabolic 
heterogeneity is an ongoing research field, where not only the genotype and environment regulate 
these variations but also stochastic gene expression55, 56. In microbial populations, ecological factors 
such as surfaces or cell-to-cell communication, the cell cycle and cell ageing can affect gene 
expression, leading to metabolic variations. The cell cycle and cell ageing might explain the different 

biomineralization patterns observed in this work, which is expected under batch culture 
conditions35. For instance, cells could be at different growth stages, where some cells may be 
reducing nitrate and producing nitrite, and those producing more nitrite could quickly form Fe(III) 
precipitates, blocking the periplasm and inhibiting further uptake of 13C-labelled organics. 
Additionally, the marked mineralization at the (older) cell poles could be explained by protein 
aggregation in this part of the cells, as proposed earlier35.  

3.4 Spatial distribution of As and Fe at the single-cell level 

NanoSIMS single-cell depth profiles were obtained to evaluate the As and Fe distribution in whole 
cells at high resolution, where 3D reconstructions facilitated the visualisation of the relative 
distribution of As and Fe (Figures 3 & S6). Many ST3 cells appeared to be covered in Fe minerals 
during the initial NanoSIMS imaging, and this mineralization indicated that 75As co-located with 
56Fe16O in most cells (Figures 1 & S5). However, a more detailed analysis by 3D remodelling revealed 
asymmetric Fe encrustation in cells, where surprisingly, 75As and 56Fe16O were not spatially co-
located in all cells (Figure 3A & B). Regardless of the level of cell encrustation, 75As was imaged on 
all cell surfaces (see arrow 1 in Figure S5 A), and cells that had higher metabolic activity showed 75As 
but no 56Fe16O at the surface (see bottom cell in Figure 3A-E and arrow #1 in Figure S6 A). 75As was 
not detected intracellularly and was presumably located at the periplasm (Figures 3A-B & S6 A-B). 
This could be indicative of As(III) binding proteins in this region53, and the 75As observed to be co-

Figure 2. NanoSIMS 56Fe16O counts (mineralization) versus 13C/12C % (metabolic activity) on single cells in 
biofilm conditions at day 14 of incubation. Cells only accumulate high levels of 13C at low levels of 56Fe16O 
(low mineralization), although most cells are in a region in the plot (blue curved line) where low 
mineralization is compatible with moderate 13C accumulation. The pink vertical dashed line is the natural 
13C/12C abundance, 1.11 %. N=230. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 28, 2022. ; https://doi.org/10.1101/2022.01.28.478188doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.28.478188
http://creativecommons.org/licenses/by/4.0/


9 
 

locating with encrusted Fe could be mixed valence As, given that Fe minerals can sorb both As(III) 
and As(V)57. The 3D reconstructions showed this asymmetrical As and Fe distribution at the cell 

Figure 3. 3D reconstructions of NanoSIMS depth profiles of strain ST3. (A), (B), (F) and (G) are 3D models, 
where (A) are cells sputtered with Cs+ and (B) is the side view of the same cells; (F) is a cell sputtered with 
O- and (G) is the side view of the same cell. In these 3D reconstructions (A, B, F & G) Fe is shown in red 
(either 56Fe16O- or 56Fe+), 75As in yellow and 12C- (A & B) or 23Na+ (F & G) in blue. (C) and (D) are stack images 
of 56Fe16O and 75As, respectively, of the same cells in (A); (E) is the 13C/12C ratio of the same area, sum of 74 
planes. (H) and (I) are stack images of 56Fe and 75As, respectively, of the cell in panel (F), sum of 71 planes. 
The vertical color bars in panels (C), (D), (H) & (I) are the secondary ion intensities. 
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surface and periplasm, in contrast to the classical NanoSIMS stack images (panels C, D, H & I in 
Figures 3 & S6), which only show the total sum of each secondary ion in 2D, masking this asymmetry. 
Moreover, the cell poles showed a more pronounced encrustation observed under Cs+ ion 
bombardment (Figure  S6 B), which was not observable in O- ion bombardment, where the whole 
cells appeared encrusted (Figures 3F-G & S6 F-G). However, this technique artefact is acknowledged, 
because 56Fe ionizes more easily under O- than under Cs+ bombardment, producing a higher intensity 
signal. Regardless of the secondary ion collection mode, the 56Fe+/56Fe16O- signals were more intense 
than 75As in depth profiles, suggesting a higher abundance of Fe localized within or at the surface of 
the cells. 

Prior to this work, mineralized BoFeN1 cells had been analyzed in 3D via nanoscale techniques, and 
different Fe biomineralization patterns (e.g. encrusted periplasm or spike-shaped iron minerals) 
were reported29. However, the study did not distinguish metabolically active and inactive cells. To 
our knowledge, the present work is the first to use NanoSIMS imaging to generate 3D models of 
microbial biomineralization patterns in metabolically active or inactive nitrate-dependent Fe(II)-
oxidizing cells, in simultaneous incubations with As(III). 

3.5 Mineral identification using powder X-ray diffraction (XRD) 

The precipitates obtained by planktonic growth were analyzed by powder XRD. The spectrum from 
the sample at day 7 showed no significant peaks, indicating the presence of a poorly crystalline Fe 
phase, although by day 10 the more crystalline phases lepidocrocite (γ-Fe3+OOH) and goethite (α-
Fe3+OOH) were identified, which showed broad but higher intensity peaks in the air-exposed analysis 
than during anaerobic analysis (Figure S7). These Fe(III)-oxyhydroxides have been reported as a 
product of NDFO bacteria grown in medium with carbonate24. 

3.6 Crystallinity and biomineral identification at the nanoscale with TEM  

The planktonic precipitates were imaged in TEM after 1, 3 and 7 days of incubation, to observe the 
early formation of cell-associated/detached biominerals. The cells showed mineral encrustation 
from day 1, where extracellular biominerals were present. The spherical biomineral nanoparticles 
(NPs) showed no crystallinity and were amorphous at the cell surface or detached from the cells 
(Figure 4A & B). The cells showed heavier mineralization at the poles than in other regions of the 
cells (Figure 4A-B). By day 3, the coating had thickened, especially at the polls, with the NPs having 
similar morphology to that seen for day 1 (Figure 4C). By day 7, similar mineralization and 
morphologies were observed, but additionally a new phase was noted on the surface of the cells. 
This new biomineral appeared to have a more crystalline structure, resembling “flakes“ (Figure 4E-
F). The NP size increased from a mean of 48 ± 25 nm at day 1 to 104 ± 43 nm by day 7 (errors 
represent standard deviation). Moreover, regardless of the time point, the NPs formed aggregates 
detached from the cells (Figure 4D) or aggregated as “filaments” associated to the cell surface 
(Figure 4A, C & E), suggesting a possible effect of EPS that acted as mineral nucleation sites58, 59. By 
day 7 the detached NPs were twice as big as those on the cell surface (Figure 4E). 

3.7 High-resolution elemental mapping of biominerals using STEM-EDS 

Both biomineral morphologies identified at day 7 (crystalline “flakes” and amorphous spherical NPs) 
were further analyzed using STEM-EDS and EELS (Figure 5), with high-resolution data collected from 
the outer (thinner) regions of these biominerals. All the biominerals were mainly composed of iron, 
oxygen and arsenic, irrespective of their morphology, and their atomic abundance was quantified 
(Table S1).  
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Oxygen was the most abundant element in all biominerals, while the ratio of Fe atoms normalized 
to O atoms (Fe/O) ranged from 68 to 83% (mean 74 ± 5.3%) in the spherical NPs. In contrast, the 
crystalline “flakes” were richer in Fe, where the Fe/O varied from 81 to 93% ( mean of 85 ± 5.3%). 
The atomic As to Fe ratio (normalized to Fe atoms) varied from 2.1 to 25% in all the regions analyzed 
(Table S1, Figures 5E & J and S9 F & L). “Flakes” showed lower atomic As/Fe ratios (2.1-6.4%) (Figures 
5E & S9 F), while the cell-associated spherical NPs had higher atomic As/Fe ratios (11-25%) (Table 
S1 and Figures 5K & S9 L). Only one cell-detached NP was analyzed, which had 24% As/Fe (Figure S9 
L). Thus, it appears that the crystalline “flakes” are low in oxygen and arsenic, in contrast to the 
spherical NPs, which retained more As (III/V), possibly due to a higher sorption capacity57. The 
atomic As/Fe/O ratios suggest that As-bearing minerals were not formed during these conditions, 
and As was retained through other processes, such as sorption or co-precipitation. Even though the 
“flakes” developed after a longer incubation period, and in principle were more thermodynamically 
stable60, this mineral phase was not the most efficient for As retention.  

3.8 High-resolution Fe3+ mapping in biominerals using STEM and EELS 

The Fe oxidation state in these biominerals was further mapped by STEM/EELS, where Fe3+ was 
predominant in both biomineral morphologies (Table S1 and Figures 5F & K and S9 G & M). 
Amorphous spherical NPs contained 66 to 98% Fe3+, while the crystalline biominerals contained 76 

Figure 4. Bright field TEM micrographs of planktonic ST3 samples at days 1 (A and B), 3 (C and D) and 7 (E 
and F). Mineralized cells can be observed from day 1, showing a thicker mineralization by day 3 and the 
appearance of a more crystalline structure by day 7. The red squares in (A)-(C) highlight the cell poles with 
heavier mineralization than the rest of the cell. The yellow square in (E) is a selected region with “flake-like” 
biominerals at higher magnification in panel (F). Red arrows in A, C & E are indicating the nanoparticles 
aggregated as filaments associated with the cell surface. Scale bars are 500 nm in (A), (B), (C) and (E), 300 
nm in (D) and 20 nm in (F). 
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to 94% Fe3+. Although Fe3+ in Fe oxyhydroxides can undergo electron beam induced reduction60, 61, 
no electron beam damage was seen within these particles.  

3.9 Scanning electron diffraction (SED) crystallinity maps 

To obtain crystallinity maps scanning electron diffraction was used, which is a nanodiffraction 
technique. The diffraction pattern of the “flakes” showed bright spots, characteristic of single crystal 
specimens (inset in Figure 6C). The SED crystal identification phase map of a larger sample area 
identified lepidocrocite in the outer region of the sample (Figure 6C). This analysis agrees with the 
XRD results, indicating a correlative identification of the Fe(III)-oxyhydroxide lepidocrocite at the 
macro and nanoscale. 

 

Figure 5. High-angle annular dark field (HAADF) STEM micrographs with complementary EDS/EELS 
analysis of two regions in a mineralized ST3 cell. (A) is the HAADF-STEM micrograph of the whole cell 
indicating the selected ROIs 1 and 2 (green squares). EDS maps of Fe, As and O in ROI 1 are shown in (B), 
(C) & (E), respectively, and in (H), (I) & (K) for ROI 2, where the vertical colour scale bars show the atomic 
count intensities. (F) & (L) are atomic As/Fe ratio (%) maps of ROIs 1 and 2, respectively. (D) & (J) are 
HAADF images, and (G) & (M) are EELS Fe3+ maps of regions 1 and 2, respectively. Fe, As and O co-located 
strongly in the amorphous biomineral in ROI 2, whereas only Fe and O co-localized strongly in the “flake” 
in ROI 1. The atomic As/Fe ratios (atomic %) show that the mean As/Fe was 2.4 % in ROI 1 and 23.4 % in 
ROI 2, suggesting that the amorphous biomineral in ROI 2 retained more As than the crystalline “flake” in 
ROI 1. Fe3+ maps show that most of the Fe was in its oxidized form, with a mean of 82 % Fe3+ in ROI 1 and 
66 % in ROI 2. Orange arrows in panel (A) indicate what appears to be the encrusted periplasm. The 
corresponding EDS and EELS spectra of these ROIs are presented in Figure S8.  
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3.10 Biominerals produced by Acidovorax sp. strain ST3 and As sequestration 

The aqueous phase analysis and biogenic minerals characterized here showed a high removal of As 
concomitant with Fe(III) precipitation in experiments with cells, confirming that cells facilitated Fe(II) 
oxidation and As precipitation/sorption. Functional groups on cells may influence the mineral 
formation and evolution, in contrast to extracellular mineral precipitation, where the medium 
composition may exert an additional effect. The Fe(III)-oxyhydroxide lepidocrocite [Fe3+O(OH)] was 
consistently identified with nanodiffraction in STEM after 7 days of incubation, and after 10 days 
both lepidocrocite and goethite were identified using XRD. Moreover, the expected oxidation state 
of Fe in lepidocrocite (Fe3+) was consistent with the Fe3+ identified by EELS. The Fe/O ratios 
determined by EDS contrast with these results, however, this estimation is sensible, considering that 
the quantification of light elements such as O is challenging in the presence of heavier elements 62, 

63. Moreover, as absorption correction is not included in the STEM-EDS quantification, this analysis 
is likely to overestimate the Fe content, since higher energy Fe X-rays will be absorbed less strongly 

Figure 6. TEM and SED crystal identification maps from a mineralized ST3 cell pole and an extracellular 
fibril-like biomineral. (A) Bright-field TEM micrograph of the whole region analyzed (red dashed 
rectangle); (B) SED virtual dark-field micrograph of the region in the red dashed rectangle in panel (A); 
(C) SED crystal identification phase map of the whole region in panel (B), showing lepidocrocite in green, 
insets are the diffraction patterns, indicating crystalline structures; (D) Higher magnification TEM 
micrograph of Region 1 (yellow square #1 in (B)), with the HRTEM micrograph showing lattice fringes of 
the region selected in the red square in (D), and the corresponding SED and TEM diffraction patterns, 
indicating a crystalline structure; and (E) Higher magnification TEM micrograph of Region 2 (yellow 
square #2 in (B)), with the HRTEM micrograph showing lattice fringes of the region selected in the red 
square in (E), and the corresponding SED and TEM diffraction patterns, indicating an amorphous 
structure. 
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than the lower energy oxygen. Goethite and particularly lepidocrocite, can be susceptible to 
bioreduction64, 65, potentially remobilizing As. However, the crystalline “flakes” (developed after a 
longer incubation) were As deficient, in contrast to the amorphous spherical NPs, which retained 
more As, as shown by STEM-EDS analysis. Therefore, it appears that a longer incubation period 
would not necessarily promote higher As sequestration by these more crystalline biominerals in 
these conditions. 

3.11 Identification of Fe encrustation sites in the cell to infer the Fe(II) oxidation mechanism 

HAADF-STEM images are characterised  by Z-contrast, where elements of high atomic number 
appear brighter66, for instance, the bright region in Figure 5A indicated by orange arrows, can be 
expected to be rich in Fe and As. This region matches the location and reported size of the periplasm 
(mean 25.8 ± 6.2 nm) using traditional TEM67. Therefore, these data are consistent with the 
periplasm being encrusted. Moreover, no cytoplasmic encrustation was observed. Although these 
micrographs are 2D projections of a 3D object, this periplasmic encrustation is consistent with the 
presented complementary NanoSIMS depth-profiles, where cells were probed by slices of a few tens 
of nm and remodeled in 3D (Figures 3 & S6). 

The identification of the site of mineralization was used to infer the mechanism of Fe(II) oxidation 
in strain ST3. In contrast to periplasmic enzymatic As(III) oxidation10, the most plausible pathway for 
Fe(II) oxidation in strain ST3 is through reaction with nitrite, in agreement with other Fe(II)-
oxidizers16, where Fe(II) is not only oxidized in the periplasm (due to periplasmic denitrification), but 
also extracellularly, as a consequence of reaction with the released nitrite species. Biomineralization 
patterns are characteristic of the specific Fe(II) oxidation mechanisms used by bacteria, and 
periplasmic biomineralization could be a common trait in the Acidovorax genus. In addition, 
hydrophilicity and surface charge are two factors that drive mineral precipitation at the cell surface, 
as reported for other Fe(II)-oxidizing bacteria68, and investigating these conditions warrants an 
advancement in understanding cell mineralization and metabolic heterogeneity in Acidovorax sp. 
strain ST3.  

4. Conclusions 

The NanoSIMS single cell analysis revealed metabolic heterogeneity with similarly heterogeneous 
mineralization patterns that suggest an interdependency between the two processes, most likely 
related to the growth stage of individual cells. Although periplasmic mineral encrustation disrupted 
metabolic activities, these mineralized cells retained As(III/V), in contrast to the active cells, that 
were practically devoid of this element.  

The application of complementary nanoscale techniques was vital for a comprehensive analysis of 
Fe(II) and As(III) oxidation and mineralization under denitrifying conditions by Acidovorax sp. strain 
ST3. Bacteria facilitated Fe(II) oxidation to Fe(III), and although bacterial As(III) oxidation was not 
evident in the aqueous phase, As(III) removal was quantified in the aqueous phase in incubations 
with cells, and Fe(III) minerals sorbed or co-precipitated As(III/V) in varying ratios. NanoSIMS 
enabled simultaneous depth profiling of active/inactive and encrusted/non-encrusted cells with 
variable levels of metabolic activity, which could only be achieved with this technique. HAADF-STEM, 
EDS, SED and EELS allowed quantitative analysis of the composition of biominerals at high spatial 
resolution, and identified the intracellular compartment where cell encrustation occurs, 
complementary to the NanoSIMS 3D results. Arsenic was expected to spatially co-localize with Fe(III) 
biominerals in these conditions, which occurred in most cases. However, the NanoSIMS depth-
profiles produced an insightful 3D analysis of the intracellular As and Fe distribution at high 
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resolution and revealed unanticipated As and Fe spatial delocalization in some cells. This 
investigation advances our understanding of the molecular processes governing bacterial iron 
mineralization and its impact on trace metal fate. 
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